radioactively labelled triethyltin is at most a few per cent of the total liver protein.
Evidence is presented from the kinetics of loss of binding and loss of certain amino acids on photo-oxidation with either Methylene Blue or Rose Bengal that each binding site consists of two histidine residues.
Mitochondrial oxidative phosphorylation is inhibited in vitro by very low concentrations (0.1-1.0aM) of triethyltin (Aldridge, 1958; Aldridge & Threlfall, 1961; Moore & Brody, 1961; Sone & Hagihara, 1964) . Studies of the interaction of triethyltin with rat liver mitochondria under conditions identical with those used for inhibition studies have led to the discovery of a class ofbinding sites in mitochondria (0.8nmol/mg of mitochondrial protein; affinity constant 5 x 105 M-1) to which triethyltin binds when it inhibits oxidative phosphorylation (Aldridge & Street, 1970) . A study aimed at the identification of the molecular groupings involved at these high-affinity mitochondrial binding sites is difficult owing to the insolubility of the system and the presence of a large number of binding sites of very much lower affinity (Aldridge & Street, 1970) .
The investigation of the interaction of triethyltin with tissues and tissue components has indicated similar high-affinity binding to rat haemoglobin and to a component or components in the 105 000g supernatant obtained from liver homogenates (Rose & Aldridge, 1968) . DNA, RNA, a wide variety of low-molecular-weight compounds and a range of purified and semi-purified proteins, including haemoglobin of species other than rat, show no measurable affinity for triethyltin (Aldridge & Cremer, 1955; Aldridge & Cremer, 1957; Aldridge & Street, 1964; Rose & Aldridge, 1968; Aldridge & Rose, 1969a) . Because of this very high specificity, information about the nature of the molecular groupings responsible for binding triethyltin with an affinity of 105-106M-1 to a macromolecule may well be applicable to the high-affinity binding in mitochondria. Rat haemoglobin and the component responsible for binding triethyltin in liver supernatant present fewer technical problems for such studies than mitochondria and have consequently been used as model systems for the study of the properties of triethyltin binding.
Rat haemoglobin binds 2 molecules of triethyltin/ tetramer with an affinity of approx. 5 x 10 M-1 and evidence has been produced that each of these sites consists of two histidine residues (Rose, 1969) . The investigation of the binding of triethyltin to guinea-pig liver supernatant is described in the present paper. The results of binding studies together with results on the relationship between binding oftriethyltin to mitochondria and inhibition of oxidative phosphorylation have resulted in a new hypothesis for the mechanism of oxidative phosphorylation (Aldridge & Rose, 1969b) .
MATERIALS AND METHODS
Reagents. Triethyl['13Sn]tin chloride was purchased from The Radiochemical Centre, Amersham, Bucks., U.K.; the specific radioactivity when received was in the range 6-8mCi/mmol. Stock 0.2M solutions in ethanol were diluted with water to give 2 mM solutions for binding studies.
The following reagents were obtained from the sources stated: Methylene Blue (laboratory grade) from BDH Chemicals Ltd., Poole, Dorset, U.K.; Rose Bengal from G. T. Gurr Ltd., London S.W.6, U.K.; 5-amino-1,2,3,4-tetrazole monohydrate (practical grade) from KochLight Laboratories Ltd., Colnbrook, Bucks., U.K. All other reagents were of A.R. grade.
Preparation of liver supernatant fraction. Liver (25-35 g) from a male guinea pig (600-800g body wt.) was homogenized with ten up-down strokes in 30ml of ice-cold 0.3 M-sucrose in a homogenizer (Aldridge, Emery & Street, 1960) Photo-oxidation. Four guinea-pig livers were fractionated to the (NH42504-precipitated pellet stage. These pellets were then pooled and fractionated as described above to give 31 ml of CM-fraction. Portions (5 ml) of this solution were then photo-oxidized in the presence of a final concentration of 0.01% Methylene Blue or 0.03% Rose Bengal for 2-40min as described by Rose (1969) . After photo-oxidation the protein solution was divided into two portions. One portion (4 ml) was diluted to 11.0 ml with 0.1 M tris-HCl buffer, pH 8.0, at 5°C, and NaCN was added to give a final concentration of 2 ,tg/ml. The ability of this protein to bind triethyltin after different times of photo-oxidation was then measured by equilibrium dialysis as described by Rose (1969) . Those of a 1.0mM solution) was then added and the increase in E250 followed for 90min (Boyer, 1954) . The number of reactive thiol groups was then calculated as described by Ray & Koshland (1962) .
(b) Histidine. Approx. 10mg of protein powder was dissolved in 0.5 ml of 1.0 m-NaOH and the solution diluted to 5.Oml with water. Duplieate samples (0.3ml) were added to 2.7 ml of 0.67 m-Na2CO3-NaHCO3 buffer, pH 8.8. To each was then added 0.3ml of 5-diazonium 1,2,3,4-tetrazole reagent (prepared by diazotization of 1g of 5-amino-1,2,3,4-tetrazole dissolved in 23ml of 1.6M-HCI with 0.7g of NaNO2 in 10ml of water at 0°C and adjustment to pH5.0 with saturated KOH). After 10min a further 0.3ml of diazo reagent was added. After each addition the pH was adjusted back to 8.8 and after the second addition the volume was made up to 4.0ml. At 90 min after the second addition of diazo reagent E480 and E600 were measured and the histidine content was calculated as described by Sokolovsky & Vallee (1966) .
(c) Tyrosine and tryptophan. These were determined spectrophotometrically (Beaven & Holiday, 1952) in the NaOH solution used for the histidine assay.
(d) Methionine. This was measured on a Technicon AutoAnalyzer after alkaline hydrolysis of the protein powder (Jori, Galiazzo, Marzotto & Scoffone, 1968) .
Protein determination. Protein was determined by using the biuret method of Robinson & Hogden (1940) as modified by Aldridge (1957) .
Radioactivity measurement. 113$n radioactivity was measured with a Packard Autogamma counter as described by Rose & Aldridge (1968) .
Binding analysis. Bound and free triethyltin were measured after equilibrium dialysis as described by Rose (1969) . The results of these measurements were analysed according to the Scatchard (1949) equation, the slope of the line giving the affinity constant, K, and the intercept on the abscissa giving the number of sites, n. The binding of triethyltin to photo-oxidized protein was measured in the presence of the dyes since the addition of the dyes to the protein without photo-oxidation was shown to have no significant effect on the binding parameters.
RESULTS
Binding of triethyltin to guinea-pig liver 10500Og supernatant. Analysis of the binding of triethyltin to guinea-pig liver supernatant indicates the presence of two classes of binding sites ( Fig. 1) , one class binding 2-3nmol of triethyltin/mg of protein with an affinity of approx. 4 x 106M-1 and the other binding 3-6nmol of triethyltin/mg of protein with an affinity of approx. 104 -1. The affinity of this second class of sites is so much lower than that of the first class that accurate measurement is difficult. As the binding component is purified these lowaffinity sites remain (Fig. 1) ammonium sulphate content to 85% saturation ( Fig. 1 and Table 1 ). This pellet is of a red colour, due in part to the presence of haemoglobin. On passage of the solubilized and desalted ammonium sulphate pellet through CM-cellulose the haemoglobin is removed along with about 30% of the total remainingprotein (Table 1) , to yieldthe CM-fraction, which is a pale-yellow solution. This has the absorption spectrum of protein with an E280/E260 ratio of 1.3, indicating less than 2% contamination with nucleic acid (Warburg & Christian, 1941) . The CM-fraction binds 6-9nmol of triethyltin/mg of protein with an affinity in the range 1-2 x 106 M-1. (Fig. 3 ) and urea treatment, in which loss of affinity occurs but not loss of binding sites. This suggests that photo-oxidation is destroying the structure at the binding sites and is not causing changes in the general three-dimensional structure that lead to loss of affinity.
Semi-logarithmic plots of binding-site loss with time are not linear (Fig. 4) (Weil, Gordon & Buchert, 1951) . Of these, all but tyrosine were lost from the CM-fraction under the conditions employed for photo-oxidation with either dye. Tryptophan loss was variable; in some experiments a measurable loss was observed whereas in others no loss was detected (Table 2) . Semilogarithmic plots of methionine and thiol loss were always first-order whereas those of histidine loss where n is the number of binding sites remaining at time t and no is the initial number of binding sites.
were usually curved (Fig. 5) . Curved semi-logarithmic plots for loss of histidine were analysed into two first-order components in the same way as described above for the plots of binding loss.
Correlation8 between 1088 of binding and £088 of amino acid8 on photo-oxidation. If an enzyme requires amino acid residues X and Y at its catalytic site for activity such that modification of either residuLe results in complete inactivation of the enzyme, then it follows that ifX and Y are destroyed in first-order reactions loss of activity is also a firstorder reaction and: kA = kx + ky
(1) where kA is the first-order rate constant for loss of activity and kx and ky are the first-order rate constants for loss of the amino acids X and Y respectively (Ray & Koshland, 1961 , 1962 .
The first-order rate constants for loss of binding sites, histidine, thiol, methionine and tryptophan 154 1970 for in terms of loss of amino acids. The fact that there are two constants is indicative of the existence of two types of triethyltin-binding sites differing in their sensitivity to photo-oxidation.
The value of k2 (binding) varies over the range 0.0076-0.054min-I (Table 2) in different preparations. A clear relationship emerges between that binding loss characterized by the constant k2 (binding) and loss of histidine when k2 (binding) is plotted against k2 (histidine) (Fig. 6c ). No such relationship can be detected between k2 (binding) and the rate constants for loss of any of the other amino acids (Fig. 6 ), indicating that only histidine loss is involved in binding loss. The slope of the theoretical regression line relating k2 (binding) to k2 (histidine) in Fig. 6 is 2.0. The fit of the results to this suggests that binding loss is occurring twice as fast as histidine loss; this would be expected to occur if each binding site consisted of a pair of histidine residues, loss of either one leading to complete loss of binding at that site. The only amino acid that is lost fast enough to account for the fast component of binding loss [k1 (binding) ] is histidine ( Table 2) . The values obtained for kl(histidine) can only be approximate since only 10% or less of the total histidine is involved, and, unless this fraction is lost at least ten times as fast as the remainder, accurate measurement is very difficult. Despite the scatter, the results relating kl(binding) to kl(histidine) fall vary from one preparation of CM-fraction to another (Table 2) , and there are two first-order rate constants (k1 and k2) for loss of binding to be accounted Vol. 120 The correlations between loss of triethyltin-binding sites and loss of histidine on photo-oxidation of the CM-fraction arise from measurements of total histidine, total methionine, total tryptophan and total reactive thiol present in the mixture of proteins that comprise the CM-fraction. The rate constants obtained are therefore statistical averages. Single residues that have a greater or lesser sensitivity towards photo-oxidation may exist within the bulk residues. Such anomalous residues would be undetectable unless the methods for assay of amino acids were very sensitive or the difference in reactivity towards photo-oxidation of the single residue and the rest was very large. However, if such residues exist in the CM-fraction and are responsible for the observed loss of binding, then the correlations obtained (Table 2 and Fig. 6 ) are entirely coincidental. This seems an unlikely interpretation especially since the correlations hold despite the use of two very different dyes for photooxidation and despite the variation in the rate of loss of binding observed in different preparations (Fig. 6) . That the binding sites consist of paired histidine residues is therefore the most reasonable interpretation of the results presented.
Heterogeneity of binding sites. Analyses of the binding of triethyltin to CM-fractions (Figs. 2 and 3) indicate that there is a uniform class of binding sites of high affinity characterized by an affinity constant in the region of 1-2 x 106 M1 . The response of these sites to photo-oxidation, however, indicates that these high-affinity sites are not uniform and can be divided into two approximately equal classes differing in their sensitivity to photo-oxidation. The possibility therefore arises that the CM-fraction contains at least two proteins that are capable of binding triethyltin. Chromatography on Sephadex G-100 and G-200 of fractions from the 10500Og supernatant labelled by the addition of a very small quantity of triethyl[l 13Sn]tin indicated the presence of only one peak of radioactivity eluting with the low-molecular-weight proteins and before the low-molecular-weight nucleic acids. Similarly, chromatography on DEAE-or CM-cellulose, using stepwise elution with buffers of increasing ionic strength, only gave a single peak of radioactivity that was shown to be bound to protein by passage down Sephadex G-25. Thus both these types of separative procedures failed to reveal the presence ofmore than one binding protein. It therefore seems likely that the division of the binding sites into two approximately equal classes differing in their sensitivity towards photo-oxidation is due to the presence of two different micro-environments for the sites in one protein, allowing equal access to triethyltin (and thus having the same affinity constant) but giving differential access to the photo-sensitizing dyes.
Response of amino acid residues to photo-oxidation.
There are few reports in the literature of the measurement of rates of loss of amino acids on photo-oxidation. The absolute rates observed are very dependent on the apparatus and the conditions employed (Ray, 1967) first-order rate constant of 0.65min-1 and six less accessible residues lost with a first-order rate constant of 0.048min-'. Moreover a decrease of enzyme activity was associated with loss of only one of the seven accessible residues. Martinez-Carrion, Turano, Riva & Fasella (1967) found a similar response of histidine residues in soluble aspartate aminotransferase, where two of the residues were lost with a first-order rate constant of 0.0461 minand six with a first-order rate constant of 0.0045 min1 . Here again activity loss was associated with one of the two more reactive residues. In the CM-fraction only 10% or less of the histidine residues appear to be more readily photo-oxidized than the rest at a rate about ten times that of the rest and for this reason they were not always detectable ( Table 2) .
Nature of high-affinity triethyltin-binding sites. Evidence has been obtained that, when triethyltin binds to rat haemoglobin with an affinity of 5 x 105M-1 (Rose, 1969) and to a protein present in guinea-pig liver supernatant fraction with an affinity of approx. 2 x 106 M-1, the binding sites consist of pairs of histidine residues. The geometry of the histidine residues relative to each other must be important since pancreatic ribonuclease (EC 2.7.7.16), an enzyme considered to have two histidine residues at its active site (Mathias, Deavin & Rabin, 1964; Wyckoff, Hardman, Allewell, Inagami, Johnson & Richards, 1967; Kartha, Bello & Harker, 1967) does not bind triethyltin (Rose & Aldridge, 1968) . The type of geometry required may be similar to that deduced for trialkyltin-imidazole complexes in toluene (Janssen, Luijten & Van der Kerk, 1964) . In this system linear polymers are formed with trialkyltin molecules bridging imidazole molecules (Fig. 7) .
Implications with respect to mitochondrial triethyltin-binding sites. The interaction of triethyltin with an affinity constant of 10s-106M-1 with proteins is very specific. This is shown by the lack of binding to haemoglobin of species other than rat, though these presumably have similar tertiary structures, and the finding that 70% of the triethyltin present in guinea-pig liver after injection ofthe compound is associatedwith only a fewper cent of the total liver protein. It is therefore likely that the mitochondrial binding sites that are characterized by an affinity constant of 5 x 105M-1 (Aldridge & Street, 1970) found in rat haemoglobin and guinea-pig liver supernatant.
